We investigate the electron and nuclear spin coherence properties of ytterbium (Yb 3+ ) ions with non-zero nuclear spin, within an yttrium orthosilicate (Y2SiO5) crystal, with a view to their potential application in quantum memories or repeaters. We find electron spin-lattice relaxation times are maximised at low magnetic field (< 100 mT) where g ∼ 6, reaching 5 s at 2.5 K, while coherence times are maximised when addressing ESR transitions at higher fields where g ∼ 0.7 where a Hahn echo measurement yields T2 up to 73 µs. Dynamical decoupling (XY16) can be used to suppress spectral diffusion and extend the coherence lifetime to over 0.5 ms, close to the limit of instantaneous diffusion. Using Davies electron-nuclear-double-resonance (ENDOR), we performed coherent control of the 173 Yb 3+ nuclear spin and studied its relaxation dynamics. At around 4.5 K we measure a nuclear spin T1 and T2 of 4 and 0.35 ms, respectively, about 4 and 14 times longer than the corresponding times for the electron spin.
INTRODUCTION
Paramagnetic rare earth (RE) ions in optical crystals are rich systems possessing electron and nuclear spins, and optical transitions, 1 making them attractive for coherent interactions with both optical and microwave photons [2] [3] [4] [5] [6] . The excellent coherence properties of RE optical transitions have lent themselves to photon memories for quantum repeaters [7] [8] [9] , while their nuclear spin degree of freedom has demonstrated the capability for longterm coherent storage of quantum information 5, 6, [10] [11] [12] . Embedded in microwave cavities, the collective spin dynamics of ensembles of paramagnetic RE ions have been investigated with a view to develop efficient and faithful microwave memories 3, 13 and microwave-optical conversion. 4, 14 Compared to other paramagnetic RE ions used for quantum memories, like Er 3+ [9, 15] and Nd 3+ [16, 8] , ytterbium ions (Yb 3+ ) have a number of potential advantages. [17] [18] [19] As with Er 3+ and Nd 3+ , the optical transitions of ytterbium are accessible via single mode laser diodes in the near infrared. However, the lower nuclear spin quantum number of ytterbium, (e.g. I = 1/2 of 171 Yb 3+ and I = 5/2 of 173 Yb 3+ ), with respect to the 145 Nd 3+ and 167 Er 3+ (both I = 7/2), is beneficial for addressing optical transitions between ground and excited spin states and initialisation into a ground spin state. Coherence times up to 130 µs have been also observed for electron spin resonance transitions in Yb 3+ : CaWO 4 .
20
Single crystal yttrium orthosilicate (Y 2 SiO 5 , commonly referred to as YSO) has been a reference host material for quantum information processing research and applications, mainly due to its low natural abundance of nuclear spins which would otherwise lead to spin decoherence. 21, 22 Yb 3+ in YSO has already been shown to exhibit good optical properties like high oscillator strengths, low inhomogeneous linewidths and favourable branching ratios into narrow transitions in comparison to Er 3+ , Pr 3+ , and Eu 3+ in the same host 19 . The maximal electron g-factor (g max ∼ 6) of the Yb:YSO ground state lies somewhere between that of other paramagnetic REs such as Nd:YSO (g max ∼ 4.2) 5 and Er:YSO (g max ∼ 15.5) 23 . A larger g-factor is beneficial in enhancing the cooperativity between spins and microwave cavities, important in developing microwave quantum memories 3 or microwave-to-optical quantum transducers 24 . However, larger g-factors often come at expense of increased decoherence rates, due to stronger coupling to other spins, leading to spectral diffusion and instantaneous diffusion. 20 A detailed understanding of decoherence and relaxation processes for paramagnetic RE ions is therefore essential for identifying the optimum species, sites and transitions to address for the different quantum technological applications.
Here, we investigate the relaxation and the decoherence dynamics of electron and nuclear spins of Yb:YSO, using pulsed electron spin resonance (ESR) at X-band (9.8 GHz), and electron nuclear double resonance (EN-DOR), in the temperature range 2-8 K. We identify multiple electron spin-lattice relaxation processes in Yb:YSO, combining our pulsed ESR measurements with optical spectroscopy of the ground state multiplet 19 . We find that spectral diffusion 20, 25 is the most common source of decoherence for electron spins, further evidenced by stimulated echo decay measurements, and are able to suppress it considerably using XY16 dynamical decoupling 26 . Using Davies ENDOR we explored the coherent spin properties of the 173 Yb nuclear spins, including nuclear spin Rabi oscillations, studying inhomogeneous broadening through the nuclear spin T 
I. ELECTRON AND NUCLEAR SPIN SPECTROSCOPY
The sample studied is a Czochralski-grown YSO crystal doped with Yb 3+ (natural isotopic abundance), at a nominal concentration of 0.005 at. % (50 ppm). Yb isotopes with non-zero nuclear spin number are 171 Yb (I =1/2) and 173 Yb (I =5/2), which respectively constitute 14% and 16% of the total Yb concentration, with the remaining 70% comprised of I = 0 isotopes. In YSO, which has a monoclinic structure and C 6 2h (C2/c) space group, Yb can substitute Y located in two crystallographic sites with C 1 point symmetry 27 , denoted site I and site II 19, 28 . Each site has two sub-sites which are magnetically equivalent only when the applied magnetic field is parallel or perpendicular to the C 2 symmetry axis (the crystal axis b). The g-factor (g) and hyperfine (A) tensors for Yb in each of these sites have been extracted from earlier continuous wave (CW) ESR measurements 19 , yielding ESR transitions with a wide range of effective g-factors (g eff ) from 0.5 to 6, and hyperfine coupling strengths of up to 2.5 GHz (see Fig.S2 29 ).
To ensure consistency with the earlier CW ESR studies, we first show electron spin echo-detected field sweep (EDFS) obtained using the two-pulse echo sequence (π/2-τ -π-τ -echo) with τ = 1 µs, microwave pulse durations of 16 and 32 ns, and a 250 ns integration window. While this method is suitable for determining the spectral position of each transition, interpretation of the peak height requires knowledge of the transition dipole strength (γ • ), the spectrum of only one sub-site is seen in each plot. At X-band, the spin eigenstates are considerably mixed so ∆m S,I are not good quantum numbers and are only used as a qualitative identification of the states. Figure 1(b,c) shows the echo-detected ESR spectra (B 0 b) from Yb ions in site I and II, highlighting the large difference in g eff between the two sites. For each site, sets of ESR peaks can be identified from their hyperfine coupling to the 171 Yb and 173 Yb isotopes, in addition to a single, intense resonance from the family of Yb isotopes with zero nuclear spin. The peaks have intensities consistent with the natural isotopic composition of Yb and arise primarily from allowed ESR transitions (∆m I = 0), though a small number of forbidden transitions (∆m I = ±1) are also weakly visible. We extract linewidths of the m I = 1/2, 171 Yb resonance for site I and site II of 3.4 mT and 0.1 mT respectively, which can be compared to their respective g eff of 0.7 and 6. These linewidths are consistent with previ- Table I .
ous CW ESR measurements 19 and attributed to a sitedependent g-strain (∆g/g ∼ 0.1-0.3%) similar to that observed in Er 3+ :YSO with the same ion concentration 30 . We next turn to the nuclear spin transitions, studied for the 173 Yb isotope in site I using the Davies ENDOR technique 31,32 with a Tidy pulse 33, 34 , RF π-pulse duration of 1.5 µs and the magnetic field aligned approximately with b (see Figure 1 (d)). ENDOR spectra are shown measured using three different allowed ESR transitions (corresponding to m I = {−1/2, +3/2, +5/2}), each containing ENDOR peaks attributed to nominally allowed (|∆m I | = 1) and forbidden (|∆m I | = 2) nuclear spin transitions in the upper( + ) and lower( − ) electron spin manifolds. Measured ENDOR linewidths vary from 0.6 to 2.6 MHz, which we attribute respectively to the excitation bandwidth of the RF pulse and A-strain (∆A/A ≤ 1%). The effect of A-strain is visible as the sensitivity of the ENDOR transition frequency to A (df /dA) is a strong function of crystal orientation, leading to large changes in ENDOR linewidth under sample rotations of only 1
• (see Fig.S1a and Fig.S2c ) 29 .
II. ELECTRON SPIN-LATTICE RELAXATION
Electron spin relaxation, commonly caused by spinphonon coupling [35] [36] [37] and characterised by the timescale T 1e , impacts the coherence time of the electron spin (T 2e ) and nuclear spin (T 2n ) in several ways. First, there is the 'direct' impact on the central spin where T 2e is bounded by T 1e , and T 2n bounded by 2T 1e (assuming a strong hyperfine coupling and in the regime where the thermal electron spin polarisation is much less than one 38 ). TABLE I. Parameters to describe spin-lattice relaxation. αD is for the direct process, and αR for the two-phonon process. θD is a temperature corresponding to the maximum phonon energy contributing to the spin relaxation.
Second, there is an 'indirect' impact where spin-flips of neighbouring electron spins lead to spectral diffusion of the central spin 39 . We study T 1e of Yb ions in site I and II at various crystal orientations and in the temperature range 2-10 K, using the inversion-recovery method (π − τ r − π/2 − τ e − π − τ e − echo, where τ r is swept), as shown in Figure 2 .
At low temperatures ( < ∼ 4 K), we find the electron spin-lattice relaxation rate is inversely proportional with temperature, which we attribute to a direct one-phonon process, which occurs via interaction with a phonon resonant with the spin transition 40 . At higher temperatures, two-phonon relaxation processes dominate, which have a much stronger temperature dependence as we discuss further below.
The direct one-phonon processes is enabled by the mixing of crystal field levels by an applied magnetic field, and hence its rate R 1p has a strong magnetic field dependence being proportional to g 2 eff B
4 in the regime where the Zeeman splitting is much less than k B T : 36, 41 .
(1) The constant α D varies weakly with site 28 , crystal orientation 42 and its values under various conditions, extracted from fits to the plots in Figure 2 , are shown in Table I . For example, we see that for the field orientation
• ] the crystal field mixing appears significantly reduced leading to a three-fold reduction in α D , and also that the crystal field mixing appears slightly larger in site I than in site II. Given a constant Zeeman energy splitting (e.g. when considering transitions addressed by X-band ESR), R 1p has an effective B 2 dependence, which can be seen when comparing the low-temperature T 1e values for 171 Yb site II at several orientations.
Two-phonon spin relaxation 37 has been categorised by resonant (Orbach) and non-resonant (Raman) processes 40 . The Orbach process emerges when temperature is high enough to excite phonons resonant with some high-lying state (with energy k B θ E above the ground state) which mediates an emission and an absorption of a phonon, and has a temperature dependence of e −θ E /T . The Raman process is similarly a two-phonon mechanism, but not resonant with a particular excited state and showing a T 9 temperature dependence. Fitting our experimental values to a combined model with these processes produces values for θ E of 97 K (site I) and 107 K (site II) -these are similar to those reported previously 28 but not consistent with the actual energies of the first excited 2 F 7/2 state (160 K (site I) and 337 K (site II), as measured in the optical spectroscopy) 19, 43 . Consistent with previous studies on paramagnetic RE ions 36, 44 , we therefore adopt a more general description of the two-phonon process, which takes account of the maximum phonon energy (k b θ D ) and the actual θ E as measured (e.g.) by optical spectroscopy 19 :
The assumption is that the low energy branch of phonons will be most effective at driving spin relaxation at low temperatures 45 . Values for the free parameters α R and θ D , which describe the general two-phonon process, were extracted from fits to the experimental results (see, e.g. Fig.2 ) and presented in Table I . Full datasets for all transitions measured are shown in Sec.S3
29 . The data suggest θ D of about 100 K both for site I and site II, and as there is no reason to assume this value should be different for the two sites, we constrain this value to be constant for all datasets. The value of θ D is consistent with Raman phonon spectra 43 which identify lowest optical phonon mode at < 100 cm −1 (140 K), implying the acoustic phonon cut-off is below 140 K. While both sites have the similar θ D , the Raman process is slower for site II due to the large θ E . We have not observed any notable difference in T 1e between Yb isotopes (see Fig.S3 and Fig.S4 ) 29 .
III. ELECTRON SPIN COHERENCE TIME
Having determined the bounds on spin coherence lifetimes from spin-lattice relaxation, we now turn to measurements of electron spin coherence through two-pulse (Hahn) echo measurements, and dynamical decoupling (DD) schemes such as XY16 46, 47 . We focus on 171 Yb in site I with B = 1020.8 mT applied approximately parallel to the b axis. In this orientation, g eff is low (0.7) and electron spin echo envelope modulation (ESEEM) from 89 Y nuclear spins is negligible due to the weak superhyperfine interaction.
We find T 2 is bounded by T 1 for temperatures above about 8 K, but at lower temperatures additional decoherence mechanisms are visible, as shown in Figure 3 . The longest measured value for T 2,Hahn was 73 µs, measured at 2.5 K. Below 8 K, the electron spin decoherence n ], with the stretch parameter n rising to 2.7 at 2.5 K, consistent with spectral diffusion 25 . We first consider spectral diffusion experienced by a central spin in (e.g.) site I, arising only from spin-flips of its neighbours in sites I and II (we neglect processes such as spin flip-flop terms due to the large inhomogeneous spin linewidth compared to average dipole coupling strength). According to a Lorentz diffusion model 50 , the contribution of spectral diffusion to the T 2 of this spin, can be expressed as 21, 25, 29, 48 :
where γ I,II and R I,II are respectively effective values for anisotropic gyromagnetic ratio 29, 49 and spin-flip rates for the relevant electron spin transitions of spins in site I and site II (see Sec.S6) 29 , h is Planck's constant, µ 0 is the vacuum permeability and n is the density of interacting spins, which we assume to be 4.7 × 10 17 cm −3 for both sites. The two summed terms in Eq. 3 give separately the contributions to T SD of a site I spin arising from spin flips in sites I and II. A more general description including other sources of line broadening is be discussed in Sec.S6 29 . Values of γ I ∼ 2.0µ B /h and γ II ∼ 6.0µ B /h can be extracted from the spin Hamiltonian, given the field magnitude and direction used for the data in Figure 3 , leading to dipole-coupling broadened linewidths on the order of ∼ 200 kHz (see details of analysis in Sec.S6 29 ). Spin flip rates can be taken from the T 1e measurements shown above, using also the g 2 eff -dependent one-phonon spin relaxation process which dominates at temperatures below 5 K (e.g. R I = 180 Hz and R II = 3.7 kHz at 4.5 K). The resulting prediction for T SD using this model is shown in Figure 3 (solid red line) giving a good agreement with the Hahn echo data. To illustrate the effect of dynamics from the different sites, at 2.5 K we predict T SD,I of 66 µs, made up of contributions of 650 µs and 73 µs from spin flips in site I and II, respectively. In this field orientation, spins in site II are more effective at driving spin decoherence by spectral diffusion due to their larger effective gyromagnetic ratio and shorter T 1e . In summary, spin-spin interactions between ions in different crystallographic sites play a key role in determining T 2e .
In the model above, the effect of instantaneous diffusion (ID) was ignored. ID can be viewed as a form of spectral diffusion induced by rotations of only those spins driven by the microwave pulses ('resonant spins') 51, 52 . A key characteristic of ID is its dependence on the rotation angle θ of the second pulse in the spin-echo sequence:
where n here refers to concentration of resonant spins which contribute to ID, 53 which can be far lower than the total spin concentration, especially in samples such as ours with multiple sites and hyperfine transitions. sin 2 θ/2 is the average spin-flip probability achieved by the second pulse in the echo sequence, bearing in mind the inhomogeneously broadened linewidth (FWHM ∼ 32 MHz) and finite Rabi frequency (∼ 15.6 MHz in our set-up).
20,29,52 A θ-dependence in the measured T 2e is therefore a signature of ID, which we identify using the ESR transition of I = 0 isotopes, where the concentration of resonance spins is greatest (see Figure 4) . In these experiments, B is applied along 65
, and we compare the results for the I = 0 isotopes, and the 171 Yb isotope. The two measurements give the similar limit of around 30 µs for θ → 0, determined by the spectral diffusion processes described above. However, while the T 2e measured for 171 Yb shows a barely visible dependence on sin 2 θ 2 , the slope for the I = 0 isotopes is a factor of 14 ± 5 larger, consistent with the increased concentration of resonant spins for that transition (a factor of 5 comes from the natural isotopic abundance, and a further factor of 2 from the hyperfine splitting in 171 Yb). Furthermore, assuming equal distribution of ions across the two sites, these slopes would suggest a total ion concentration of 38 ± 5 ppm, close to the expected value.
We have seen above that spectral diffusion from spinflips of neighbouring spins forms a dominant contribution to the T 2e measured by a 2-pulse Hahn echo. Such effects can be mitigated through the application of dynamical decoupling (DD) schemes, such as the XY16 sequence 47, 54 . The XY16 sequence is an example of a uni- 171 Yb isotope, which has a lower effective concentration of resonant spins. T2 was measured as a function of sin 2 θ/2 , where θ is rotation angle of the second pulse in the sequence (π/2 − τ − θ − τ − echo). Site II was used in these measurements, with the magnetic field B applied along 65
• from D1 in the D1D2 plane. The duration of a π-pulse was 32 ns, and the temperature was 3 K.
versal decoupling sequence (i.e. its performance is not a function of the initial spin state) and has good robustness to rotation angle errors in the pulses 54 . Figure 5 shows our results from applying concatenated XY16, as well as an illustration of the sequence itself, with the coherence time extended by dynamical decoupling to up to T DD is 550 µs at 2.5 K. The effect of 2τ (the separation in time between each pulse) is visible as a shorter τ is more effective at suppressing higher-frequency spectral diffusion 55 , extending T 2,DD , though τ ≤ 3 µs could not be investigated for instrumental reasons. Nevertheless, dynamical decoupling is clearly an effective tool for the suppression of the effects of spectral diffusion on spin decoherence, with the resulting values for T 2,DD approaching the limit predicted by instantaneous diffusion (see Figure 3 ), which XY16 is not able to effectively suppress.
IV. THREE-PULSE ECHO MEASUREMENTS
To verify our understanding of the role and strength of spectral diffusion in the T 2e measurements described above (for T < 6 K), we use the three-pulse (stimulated) echo technique (
32,56,57 . The amplitude of the stimulated echo A(τ, T w ) decays according to a function of both the electron spin relaxation time T 1e , as well as the spectral diffusion linewidth Γ SD 21, 58 : In contrast to the stretched exponential decay observed for 2-pulse T2e measurements, it can be seen that T2,DD follows an simple exponential decay. Experiments were performed using 171 Yb in site I with the magnetic field B as given applied along the b crystal axis.
where
This formula is valid when τ is short compared with T 1 , such that multiple spin-flips are less probable. Here, Γ 0 captures effects such as instantaneous diffusion and (single-ion) homogeneous broadening, while R is the total spin flip rate. By measuring stimulated echo decay curves as a function of T w for various values of τ (see Figure 6 ) we obtain fitted values for Γ 0 , Γ SD , R and T 1 , summarised in Table II. The extracted values for T Table II , in order to study the effects of spectral diffusion. Measurements were taken using 171 Yb 3+ in site I at B = 1046.6 mT aligned close to the b axis.
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[kHz] for Γ SD agree with the dipolar interactions of ions coupled by the effective value for anisotropic γ (see Sec.S6 29 ). Values for R are within a factor of two of those extracted from the analysis of 2-pulse echo decays described in the previous section (see Sec.S6 29 ) , and the remaining discrepancy could be due to our assumptions for estimating the T 1 of spins in the other crystallographic site (for example, through effects such as cross-relaxation which have a weaker B dependence than the single-phonon process). Finally, we note that Γ 0 , though giving only a weak contribution in this temperature range leading to large errors bars, does appear larger at low temperatures than our expectations for instantaneous diffusion and ho-mogenous broadening. We also note that T 2,DD at 4.5 K is longer than the limit expected from 1/πΓ 0 ∼ 0.1 ms, suggesting that it captures an effect which can be suppressed by dynamical decoupling, such as an additional spectral diffusion mechanism with much slower dynamics.
Another possible source of spectral diffusion not yet discussed arises from 89 Y nuclear spins in the crystal. The 89 Y nuclear spin flip-flop rate is known to be 8 Hz in the bulk 21 (Eq.15), and is expected to reduce to around 1.2 Hz for 89 Y adjacent to the Yb 3+ ion (r = 3.39Å) due to the 'frozen-core' effect 21, 58 . Such rates are lower than our extracted value of R by two or three orders of magnitude, such that we can conclude that spectral diffusion from 89 Y is not a major effect over the temperature range 4.5-6 K.
V. NUCLEAR SPIN COHERENCE
We now move on to explore the coherent dynamics of the Yb nuclear spins. As stated above, the 171 Yb nuclear spin is perhaps the most technologically interesting for optical interfaces due to its I = 1/2 spin 59 , however, as a preliminary study we focus here on the 173 Yb (I = 5/2) transitions because they occur at lower frequencies and are therefore technically easier to access using a typical ENDOR resonator. We expect our results on the coherence properties of 173 Yb ENDOR transitions to provide a lower bound of expectations for 171 Yb, given that the former has only additional decoherence pathways due to its higher nuclear spin quantum number (see Fig.S2 ) 29 . We focus our studies on B b, where ENDOR frequencies of 173 Yb in site I are less than 400 MHz and the degree of mixing reduces the sensitivity of the nuclear spin transitions to magnetic field fluctuations. An example Davies ENDOR spectrum is shown in Figure 1(d) , and our coherence time measurements are performed on the m I = −1/2 − : +3/2 − transition (see Figure 1 (a)) which had a frequency of 223 MHz B = 989 mT.
Rabi oscillation measurements were first performed (Fig.7a) to find the optimum pulse durations for the nuclear spins, using a sequence based on Davies ENDOR as shown in the inset. Based on these measurements, we chose an RF duration of 1.5 µs for a π-pulse, using a 100 W amplifier with 40% gain. A "Tidy" RF π-pulse 38 was applied at the end of each sequence to mitigate the effects of slow nuclear spin relaxation. We studied ENDOR signals without and without the Tidy pulse at various shot repetitions times, in order to estimate nuclear spin and cross-relaxation times, which we find to be around 4 times longer than the pure electron spin relaxation times T 1e (see Sec.S7 29 ). This is consistent with the large dipole moment of this ENDOR transition (estimated to be 0.04 µ B ) resulting from state mixing.
We measured T * 2n using a RF Ramsey pulse sequence ( • RF pulses. 4-step phase cycling on the RF pulses was used to give zero offset.
4-step phase cycling
60 in the RF pulses to produce a zero baseline. The resulting exponential decay with T * 2n = 440 ns is consistent with the Lorentzian lineshape of width 0.72 MHz see in Figure 1(c) . Next, we measure T 2n using a nuclear spin echo measurement , adding an additional RF π-pulse to the previous experiment 61 . As for the electron spin coherence, we find a stretched exponential decay with a stretch factor of 1.7. However, T 2n is 0.35(2) ms at 4.5 K, which is 14 times longer than T 2e (25 µs) and twice as long as T 2e,DD , at the same temperature.
To understand the nuclear spin coherence times we can use the same spectral diffusion model used for the electron spin (Section III, Eq.3). Still assuming n = 4.7×10 17 cm −3 , and using the smaller gyromagnetic ratio of nuclear spin (for this transition, hγ N /µ B ∼ 0.01(5)), we expect the nuclear spin T SD to be 0.6±0.2 ms, in good agreement with the measured value. As for the electron spin, the measured nuclear spin coherence could be increased using DD, increasing to 0.7 ± 0.3 ms and 1.2 ± 0. DD, providing evidence of limited ability of such nuclear DD to suppress spectral diffusion in for this doping concentration.
CONCLUSIONS
We have studied the Yb 3+ :YSO electron and nuclear spin relaxation and decoherence dynamics, along with the mechanisms behind them. The spin relaxation times of the electron spin are governed by a one-phonon process at temperature below 4 K, and we have measured times up to 5 s at 2.5 K for site II with B b, where the high g-factor enables X-band ESR at low magnetic fields. We would expect T 1e to continue to rise as the temperature is reduced, reaching a limit of about 50 s at temperatures ≤ 100 mK for the same ESR transition, relevant for efforts to couple Yb:YSO spins to superconducting resonators in dilution refrigerators 62 . We find the nuclear spin relaxation times T 1n are a small factor longer than T 1e consistent with the significant degree of spin mixing.
Coherence lifetimes for the electron and nuclear spin are dominated by spectral diffusion, predominantly from other Yb 3+ spins occupying either site. Effects from 89 Y nuclear spins appear negligible in the temperature regime studied here, and we do not see evidence of a significant contribution from other paramagnetic impurities which might have been found in the YSO host material. At 4.5 K, we measure T 2e = 25 µs and T 2n = 350 µs for 173 Yb in site I and g eff = 0.7, which are similar in magnitude to those measured for Nd:YSO 5, 63 . Using XY16 dynamical decoupling, we can largely suppress the effects of spectral diffusion, leading to coherence lifetimes of T 2e,DD = 0.55 ms at 2.5 K, which may be limited by instantaneous diffusion.
For future studies on 171 Yb, there are significant advantages to using isotopically enriched Yb to dope the YSO. A doping level of around 7 ppm would give an equivalent ESR signal to that obtained in our sample of (50 ppm) natural abundance Yb:YSO, but with a substantial reduction in spectral diffusion. Lowering the doping level further would extend the limit of instantaneous diffusion and electron spin coherence times in the milliseconds should be achievable.
